The paper describes a diesel engine quasi-dimensional numerical model, implemented in a previously developed 0D model. The presented model uses direct solution to the conservation equations set for cylinder pressure and zone temperatures without numerical iterations which are customary in these models. Numerical model validation was performed on a four-stroke diesel engine at four operating points. After successful validation, modifications were implemented in the numerical model allowing the simulation of a marine two-stroke diesel engine. It is important to emphasize that the simulation model logic remained unchanged. The only significant differences are the changes in the engine working processes and different calculation of the engine operating parameters which are characteristic of two-stroke engines. The results of the diesel engine simulations using the quasidimensional model were compared to the test-bed measurements of the two-stroke engine found in available literature. Good agreement between the measurements and the simulation results for the two-stroke engine has been obtained. The developed quasi-dimensional numerical model can accurately predict operating parameters of the four-stroke and the twostroke diesel engine.
Introduction
Quasi-dimensional numerical models have been developed as a compromise between 0D and CFD models used for running internal combustion engine simulations. 0D numerical models assume a homogeneous gas mixture in the cylinder, so they cannot predict engine emissions [1] , [2] . CFD models enable the most detailed simulations, but these simulations are time consuming and their final results are often unreliable due to the unknown initial flow field and turbulence intensity details.
Initial development of quasi-dimensional models had started with the idea of the cylinder space division into two zones -a fresh mixture zone and a zone of combustion products [3] , [4] . This kind of models can give initial predictions of engine emissions, but the results are not very precise. Quasi-dimensional progress occurs at the moment when the cylinder volume division is performed in the manner that during fuel injection spray packages (volumes) are created, which accompany each injected fuel spray, Fig. 1 . Outside the fuel spray area there is a large remaining zone without fuel (zone without combustion) [5] , [6] , [7] . Fuel spray packages are spatial creations annular in shape, and in the spray core they have a form of a truncated cone. Fuel injectors can have a plurality of nozzles, so separate volumes are created for each of the fuel sprays. The basic numerical model assumption states that there are no exchanges of mass and energy between spray packages. The only allowed mass exchange is the air entrainment from the zone without combustion into spray packages [8] when the necessary conditions in each spray package are fulfilled.
Fig. 1 Fuel spray divided into packages (volumes)
Many published scientific papers deal with the development and application of quasidimensional models. Papers [9] and [10] show the numerical analysis of quasi-dimensional models for a direct injection diesel engine simulation and provide an overview of engine emission calculations. Paper [11] presents the results of the quasi-dimensional model for diesel engine which uses a specific type of fuel -dimethyl ether. The authors in [12] show quasi-dimensional model results for diesel engines in severe operating conditions. Combustion simulations with quasi-dimensional models are shown in [13] and [14] .
Recently, a number of quasi-dimensional model improvements have been introduced. One of the proposed improvements is the principle that parts of combustion products from spray packages are transferred into the zone without combustion. They are mixed with air and moved back into the packages [15] , [16] .
The quasi-dimensional model developed in [17] is applied in this paper and implemented in the existing 0D model [1] according to the model presented in [7] . The numerical model equations have been developed for a direct solution of pressure and temperature changes in the cylinder, without the necessity for time consuming numerical iterations.
Mathematical model
Starting from the mass, energy and momentum conservation equations, together with the gas state equation, a mathematical model for separate control volumes and for the whole cylinder content was developed. The mathematical expression (details are presented in [17] ) gives the following differential equations of pressure and temperature changes in the engine cylinder:
Simulation of a Two-Stroke Slow Speed Diesel Engine (1) to (14) are substitutes for differential expressions, and parameters S 1 , S 2 are the replacement for the sums that need to be inserted into the equation for the pressure change (16) . The index i is the index for any observed control volume (for each package of each fuel spray as well as for the zone without combustion).
Regarding the fuel spray packages it should be noted that all of the equations are related to the thermodynamic (TD) volume of the package (volume of gases and vapours). The thermodynamic volume of the package is the geometric package volume reduced by the liquid fuel volume. The properties of the liquid fuel, which is also present in each fuel spray package, are monitored by separate mathematical models, independent of the presented one. The liquid fuel energy conservation equation was used to monitor the temperature, which is the basic parameter for the fuel evaporation calculation. Fuel vapour in this model is considered as an ideal gas in the gaseous mixture with other species.
According to Fig. 1 , besides the indexes which are related to each package, (i = axial index, j = radial index), it was necessary to use an additional index k for each fuel spray when the fuel sprays are not identical one to another. In the case when fuel sprays are equal, only one spray is calculated, and the results are multiplied by the total number of sprays.
Engine data and measurement results of two-stroke diesel engine
Validation was performed on a high speed diesel engine with direct injection for the heavy freight vehicle drive MAN D 0826 LOH15. The validation results are presented in [17] . After successful validation, the numerical model was adjusted for the simulation of a twostroke slow speed diesel engine. Numerical submodels for the slow speed diesel engine were taken from [18] .
The quasi-dimensional model was used for the calculation of the high pressure part of the engine cycle, from the moment of suction ports closing until the moment of the exhaust valve opening. Because of that fact, the quasi-dimensional model was not affected by the exchange of the working fluid, so the rest of the two-stroke diesel engine model and its logic remained unchanged.
The accuracy check of the numerical model of the two-stroke engine was performed with test-bed measured data for a marine two-stroke diesel engine 6S50MC MAN B&W available in [19] . The basic engine performance and geometry characteristics are presented in Table 1 .
The main operational data of the marine diesel engine are obtained by test-bed measurements. Table 2 
Numerical model results for diesel engine 6S50MC MAN B&W
The numerical model has been tested in the entire engine operating range. Agreement between the simulation and the measurement results is acceptable, with some minor deviations observed. The simulation results for eight working parameters of the simulated engine are presented, and finally an overview of the numerical simulation errors for each presented parameter is given. Fig. 3 Maximum combustion pressure for various engine loads various engine loads Fig. 2 presents the engine compression pressure changes, mainly due to the turbocharging conditions. For this working parameter, the simulation faithfully follows the measured results throughout the entire engine operating range. The largest simulation deviation is 2% at the lowest engine load (25% MCR).
F i g . 2 Compression pressure for
Maximum combustion pressure changes can be seen in Fig. 3 . Deviations between the simulation and the measurements are visible at lower engine loads (25%, 50% and 75% MCR). In this area, deviations are a result of the expected imprecision of the quasidimensional numerical model. At the moment, "allowed" errors for this working parameter in the CFD models are up to 3%. This quasi-dimensional numerical model gives the maximum error of 4.3% at the lowest engine load (25% MCR). For higher engine loads, the numerical model deviations are within 1% in comparison to the measurements. For the observed engine some of the data related to the geometry of the intake and exhaust manifold were not available. Therefore, for the numerical simulations some of them were taken approximately from available data for similar two-stroke marine engines [20] , [21] . Simulation 
Regardless of the incomplete input data, the simulation results and the measurement comparison of the intake manifold pressure, Fig. 4 , are within acceptable deviations. The maximum deviation is 3% at the engine load of 50% MCR.
The impact of incomplete engine data is visible on the intake manifold temperature, Fig.  5 . Greater deviations between the simulation and the measurements occur at lower engine loads. Maximum deviation of 9.5% is visible at the engine load of 50% MCR. At higher engine loads these deviations are within satisfactory values. The exhaust manifold pressure, Fig. 6 , despite a lack of accurate engine data, shows deviations similar to the intake manifold pressure, Fig. 4 . The largest deviation for the exhaust manifold pressure is 3% at the engine load of 75% MCR.
Temperature before the turbine, Fig. 7 , shows small simulation deviations compared to the measured values (deviations for the whole engine working area are within 2%).
From the presented results it can be concluded that the exhaust manifold geometry of the observed engine corresponds to the exhaust manifold geometry of similar engines. The intake manifold geometry of the observed engine is probably modified in relation to similar engines. The numerical model uses a separate submodel which calculates turbocharger operating parameters. The submodel is modelled in detail according to all available data for the examined engine turbocharger. Therefore, minimal simulation deviations are expected in comparison to the measured values for the turbocharger rotational speed, Fig. 8 .
Specific fuel consumption is a very important operating parameter and has the greatest impact on system operating costs, in this case on the propulsion engine operating costs. The simulation results of this working parameter in relation to the measurements show acceptable deviations, less than 2.5% for the entire engine operating range, Fig. 9 .
Simulation deviation changes in relation to the measured values for all monitored operating parameters are presented in Fig. 10 at all simulated engine loads. Fig. 10 shows that
Using a Quasi-Dimensional Model the deviations of the observed operating parameters, except for the intake manifold temperature, are within the range of 4%. From the presented results it can be concluded that the quasi-dimensional numerical model can predict operating parameters of the two-stroke slow speed diesel engine with significant reliability. 
Conclusion
This paper presents a quasi-dimensional model developed for the numerical simulation of a two-stroke marine diesel engine. The quasi-dimensional model is implemented in an existing 0D model and is used as its integral part to simulate the high pressure engine process, i.e. from the moment of the intake ports closing until the moment of the exhaust valve opening.
The presented mathematical model, worked out in the equations, enables a direct calculation of the pressure and temperature changes in the cylinder, in order to avoid numerical iterations, which are customary in similar models. These equations accelerated the execution of the simulation model, so the simulation of one entire engine process in all cylinders together on a common desktop computer lasts about a minute.
The simulated working parameters for the low speed two-stroke diesel engine shows very good agreement with the test-bed measured values, except in the case of the results sensitive to the lack of data about the geometry of intake and exhaust that were not available. The developed numerical model has good accuracy and precision in the engine operating parameters prediction, within the expected error range for these models.
In addition to the presented operating parameters, the numerical model offers a number of other options, such as the calculation of engine emissions, excluding soot emission. For a detailed emission calculation, it is important to know the temperature distribution in the engine cylinder, and this model is able to calculate it as well. To obtain a complete overview of the engine emissions, this model must be upgraded with a numerical submodel for soot emission calculation, which is the goal of future research.
The developed quasi-dimensional model is a good compromise for engineers engaged in engine development. The simulation results are obtained quickly and it is possible to analyze the impact of design or certain parameters changes on the engine characteristics.
